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Almeria, SpainABSTRACT The equilibrium unfolding at neutral pH of the third PDZ domain of PSD95, as followed by DSC, is characterized by
the presence of an equilibrium intermediate with clear signs of oligomerization. DLS and SEC measurements indicate that at 60–
70C small oligomers populate, showing a typical b-sheet far-UV CD spectrum. These intermediate species lead to the formation
of rodlike particulates of ~12 nm, which remain in solution after 2 weeks incubation and grow until they adopt annular/spherical
shapes of ~50 nm and protoﬁbrils, which are subsequently fully transformed into ﬁbrils. The ﬁbrils can also disaggregate after the
addition of 1:1 buffer dilution followed by cooling to room temperature, thus returning to the initial monomeric state. Growth
kinetics, as shown by ThT and ANS ﬂuorescence, show that the organization of the different supramacromolecular structures
comes from a common nucleation unit, the small oligomers, which organize themselves before reaching the incubation temper-
ature of 60C. Our experiments point toward the existence of a well-deﬁned reversible, stepwise, and downhill organization of the
processes involved in the association-dissociation of the intermediate. We estimate the enthalpy change accompanying the
association-dissociation equilibria to be 130 kJ  mol1. Furthermore, the coalescence under essentially reversible conditions
of different kinds of supramacromolecular assemblies renders this protein system highly interesting for biophysical studies aimed
at our further understanding of amyloid pathological conditions.INTRODUCTIONPDZ domains constitute the most abundant protein interac-
tion modules in mammals, where they have been identified
as the main structural component of a variety of the so-called
hub proteins. These highly connected protein-nodes may
have hundreds of links, either simultaneously or sequen-
tially, suggesting that hubs organize the proteome by acting
as molecular engines that connect biological processes.
As far as the PSD95 belonging to the MAGUK family, is
concerned, its three PDZ domains, together with a SH3
domain and a guanylate kinase module, are involved in the
complex process of synapse scaffolding (1). It is surprising
that only five functional domains might be responsible for
the organization of the dynamic trafficking of a variety of sy-
naptic proteins at the inner face of the neuron membrane. The
explanation may well be that the intrinsic structural plasticity
of hub proteins derives from the corresponding plasticity of
their domains and linker sequences, which are able toSubmitted November 30, 2009, and accepted for publication April 1, 2010.
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0006-3495/10/07/0263/10 $2.00explore the conformational space to discover the different
strategies necessary to develop their various functions.
In this way, the correlation between folding (stability) and
binding (peptide dissociation rate) parameters shown
recently for the PTPBL-PDZ2 domain strongly suggests
that these domains may depend on their stability and
dynamics to develop their function (2).
A computational and mutational study has shown that an
evolutionarily conserved network of interacting residues
exists in the PSD95-PDZ3 domain, which may work as
a communication pathway between distal parts of the mole-
cule (3). Nevertheless, there is little evidence, if any, of
a conformational transition on binding that might be associ-
ated with a functional allosteric network in PDZ3, the
process being a pure lock-key mechanism (4,5). In addition,
the few equilibrium-unfolding experiments carried out with
PDZ domains (including PDZ3) using spectroscopic probes
have shown a single transition that can be described by the
two-state model (2,6). Given their presumable functional
flexibility and their relatively greater size (>100 amino
acids) compared to the small, two-state, globular proteins
studied to date, it would be unlikely that these domains do
not contain any marginally stable conformations under equi-
librium conditions.
Thus we decided to study the folding behavior of the
PSD95-PDZ3 domain at neutral pH in far greater depth by
using calorimetric and spectroscopic information. Contrary
to previous evidence, our DSC experiments show two un-
folding transitions, which undoubtedly indicate the existencedoi: 10.1016/j.bpj.2010.04.003
FIGURE 1 Thermal unfolding profiles of PSD95-PDZ3 monitored by
DSC as a function of protein concentration. Experimental conditions were
50 mM K-phosphate, pH 7.5. The best fitting to the N% In % U model
is shown as black solid lines through the experimental data (gray symbols).
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ing. Moreover, the endotherms tend to separate along the T
axis concomitantly with an increase in protein concentration,
suggesting some degree of association of the intermediate
state. The characterization of the size distribution of these
oligomerization phenomena by DLS, SEC, and TEM shows
that the monomeric native state partially unfolds on heating,
thus generating small oligomeric species that lead firstly to
disklike assemblies and protofibrils, and then to amyloid
fibrils after incubation on various days at 60C. A further
conformational analysis of the intermediate state shows
a high content of b-sheet structure as well as the absence
of any lag-phase in time-dependent ThT and ANS fluores-
cence measurements.
The occurrence of globular and fibrillar arrangements in
PDZ3 (simultaneous at some stages) may help to answer
some crucial questions within this field of inquiry, which
is of key interest toward our understanding of amyloid-
generating pathologies and the development of effective
therapies against them. So far, increasing evidence suggests
that soluble oligomeric intermediates, rather than fully
formed fibrils, are likely to be the primary toxic species,
fibrillar aggregates being merely a storage or even protective
mechanism (7). Within this context, cell degeneration and
pathophysiology may derive from the organization of pores
in membranes by such oligomers, most probably by specific
ionic transport via ion channels, which would destabilize
ionic homeostasis in vivo (8–10).RESULTS
PDS95-PDZ3 thermal unfolding shows
the population of an oligomeric equilibrium
intermediate at neutral pH
The few equilibrium unfolding studies carried out to date
using spectroscopic probes (fluorescence and CD) show
that PDZ domains display a single sigmoid transition on
both thermal and chemical denaturation. This behavior has
been analyzed by using a two-state folding mechanism
(6,11–13). We have measured the CD thermal unfolding of
PSD95-PDZ3 in 50 mM K-phosphate buffer at pH 7.5 and
been able to corroborate this behavior (data not shown).
Nevertheless, nothing can be concluded at this juncture, as
will be shown below.
Among the variety of biophysical techniques available,
DSC would seem to be the best choice to detect any equilib-
rium conformation(s) that might be populated during unfold-
ing. In this thermodynamic study, in what we believe to be
the first reported for a PDZ domain to date, we have explored
the unfolding of PSD95-PDZ3 in 50 mMK-phosphate buffer
at pH 7.5 (Fig. 1). Protein preparation and experimental
details are described in the Materials and Methods section
in the Supporting Material. The thermal unfolding profiles
were partly reversible during the timescale of the DSC exper-Biophysical Journal 99(1) 263–272iments (at least 60%) and the scan rate did not affect their
shape in any appreciable way (data not shown). The revers-
ibility of some heat-denatured solutions was further checked
by far-UV CD spectrum analysis, which showed that the
complete N-state spectrum can be arrived at after a few
hours. These features indicate clearly the slow relaxation
times of these association phenomena but do not contradict
their equilibrium nature at neutral pH.
Despite the evidence of the spectroscopic probes,
however, the two unfolding transitions observed in Fig. 1
for all protein concentrations undoubtedly indicate the exis-
tence of not less than three well-defined macroscopic states
during unfolding. Furthermore, both endotherms distance
themselves from each other along the T axis concomitantly
with an increase in protein concentration, suggesting some
degree of association of the intermediate state. Thus, the
movement of the first transition to lower temperatures
(corresponding to the N % I equilibrium) indicates an
increase in the association stage of the final I-state during un-
folding, whereas the opposite is true for the second transition
(corresponding to the I % U equilibrium). The effect of
protein concentration on DSC traces has been described else-
where in some other examples and is a consequence of the
increase in population of the associated species concomitant
with protein concentration (14,15). This characteristic
Supramacromolecular Structures in PDZ3 265behavior may in fact explain the apparent single-transition
two-state behavior observed previously because at the low
PDZ3 concentrations used in spectroscopic thermal unfold-
ing experiments the associated intermediate does not
populate significantly enough to be observed. Thus it can
be seen in Fig. 1 that the behavior of the DSC trace at
0.4 mg  mL1 is more that of a single-transition than those
obtained at higher protein concentrations, where both endo-
thermic effects are well distinguished. In short, PDZ3 un-
folding can be summarized by the equilibrium scheme
nN%In%nU: (Scheme 1)
This model fully describes the experimental unfolding
behavior of PDZ3, as will be explained in the following
sections.The oligomeric intermediate can lead to the
reversible organization of annular/spherical
and ﬁbrillar aggregates at neutral pH
To characterize the postulated association-dissociation equi-
libria we undertook DLS experiments as a function of
temperature (Fig. S1). A PDZ3 solution at a concentration
of 8 mg  mL1 in 50 mM K-phosphate pH 7.5 was heated
initially from 20 to 60C, which is the maximum operating
temperature of the instrument and high enough to ensure
that the In species should be most populated according to
DSC analysis (see next section). The temperature was then
kept at 60C, at which moment the mass evolution of the
species (raw relative intensity) as a function of incubation
time was recorded (Fig. S1). Finally, the protein sample
was cooled down inside the instrument to 20C. A summary
of the spectra obtained at different times after reaching this
temperature is set out in Fig. S1.
As can be seen in Fig. S1, at low temperature the size
distribution approaches that of a monomer (Rh ¼ 1.8 nm).Nevertheless, at 60C the size increases until reaching that
corresponding to trimeric species (Rh ¼ 2.6 nm) when
analyzed according to the globular protein model provided
by the software of the instrument. Some other heavier parti-
cles (Rh¼ 12 nm) also appear and become the major compo-
nents of the solution after ~2 h incubation (Fig. S1). These
particles, each containing ~100 monomers, increase in size
when incubated for longer periods. Finally, on cooling the
protein to 20C, the 12 nm species appears once more in
solution, as do the monomeric state and the far-UV CD
spectra of the N-state after a few hours (Fig. S1). All these
features support the reversible nature of these association
reactions.
We incubated PDZ3 samples for longer periods of time at
60C, during which the formation of supramacromolecular
structures was followed by TEM imaging. In Fig. 2 we
show a history of the evolution of such assemblies over
time. In accordance with the DLS evidence, a background
of rodlike particles of ~10–20 nm can be seen at the beginn-
ing (Fig. 2 A) and remain in the incubated solution for
various days, growing to ~50 nm (Fig. 2, C and D). It is diffi-
cult to discern from TEM images what the true tridimen-
sional shape of the globular aggregates might be; they may
be considered to be either roughly annular, as can be deduced
from the darkening of the circles toward the center (Fig. 2 D,
inset), or possibly spheres, although in this case the dark-
ening of the particles should be in the opposite direction.
These globular particles coexist with other assemblies such
as protofibrils (Fig. 2 B) and, eventually, a few large, thin
fibrils can be made out (Fig. 2, A and E). The images
taken over periods >15 days show only fibrillar structures
(Fig. 2 G).
The final arrangement of the fibrils also seems to coexist
reversibly with circular formations, because they disappear
from the solutions incubated for 1 month on diluting 1:1
with buffer and cooling to room temperature, whichFIGURE 2 Transmission microscope
analysis of PSD95-PDZ3 supramacro-
molecular assemblies. From left to right
we show the globular particles obtained
after (A) 3 and (B) 5 days incubation of
the PDZ3 sample (8 mg  mL1) at
60C and pH 7.5, the globular species
and thin fibrils after (C) 8 and (D–F)
15 days, and (G) the fibrils that appear
after 1 month. (H) Microaggregates
seen after ~15 h reincubation of a 1:1
buffer-dilution on a 1-month-old sample.
The scale bar corresponds to a size of
200 nm. The insets in the C and D are
an enlargement of some of the globular
motifs.
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minutes. In addition, the background of 12 nm rodlike struc-
tures appeared again when the diluted samples were reincu-
bated at 60C for ~15 h (Fig. 2 H). Whatever the case, the
essentially reversible character of this process does not
seem to be 100%, because some aggregates remain in the
solution after dilution (Fig. 2H). It may be that irreversibility
increases concomitantly with the size of the fibrils and ageing,
as has been reported elsewhere for other examples (16).
In summary, it seems that the oligomeric equilibrium
intermediate organizes itself into a set of globular particles
and protofibrils at the early stages of the incubation reaction
and that these persist for 2 weeks incubation, after which
they all become fibrillar. The most interesting feature that
emerges from DLS and TEM imaging is definitely the coex-
istence in a reversible fashion of both fibrils and annular/
spherical arrangements in the same PDZ3-incubated solution
at neutral pH. The images taken after a few days incubation
at 60–70C show that some thin protofibrils seem to appear
(Fig. 2 B), in some cases as though they were emerging from
the surfaces of the globular species (Fig. 2 E), perhaps
growing at the expense of the latter because we could not
find any trace of circular-shaped particles within the oldest
incubated samples. A further imaging analysis using more
powerful instruments is needed to settle these matters.Insights toward energetic and conformational
aspects of the oligomeric intermediate through
the equilibrium analysis of PSD95-PDZ3 unfolding
We carried out some fitting sessions of DSC experiments
using the three-state association-dissociation model
(Scheme 1), as described in Materials and Methods in the
Supporting Material. The DLS results (Fig. S1) indicate
that the degree of association of the In-state can be globally
assumed as n ¼ 3 because during the initial 20 min of incu-
bation at 60C most of the species had an average hydrody-
namic radius of 2.6 nm, which is close to the corresponding
molecular size of trimeric species (33 kDa). This period
roughly reflects the time that the protein sample remains
at these high temperatures inside the DSC cell because
the instrument is usually operated at scan rates ranging
between 1–2/min. As can be seen in Fig. 1, the quality
of the nonlinear curve fitting of the calorimetric traces leads
us to conclude that the model fully describes the experi-
mental unfolding behavior of PSD95-PDZ3.TABLE 1 Thermodynamic parameters of the thermal unfolding of th
from the analysis of DSC experiments
TN-U (
C) DHN-U(TN-U) (kJ  mol1) DGN-U(298) (kJ  mol1)
70.45 0.5 3355 20 395 6
The error intervals were calculated as described in the text. The values of thermo
100 mM. The heat capacity functions obtained from the fitting were CpN ¼ 
in kJ  mol1.
Biophysical Journal 99(1) 263–272DSC experiments have also been fitted to the model,
keeping the value of n free to float. The results of this fitting
session give a value of n¼ 3.85 0.3 and also the best R- and
R2-values (0.996; Fig. S2). Correspondingly, as shown in
Fig. S2, the fitting with a fixed value of n ¼ 4 meets the
convergence criteria somewhat better than the one with
n ¼ 3. There are some small deviations in the second endo-
therms of traces at high protein concentrations, but the fitting
with n ¼ 3 reproduces the shape of the trace at 0.4 mg 
mL1 more satisfactorily. The use of other values for n,
from 2 to 6, resulted in worse fittings (Fig. S2). The explana-
tion of these features might be that as protein concentration
increases the larger species become more populated concom-
itantly with the stabilization of the intermediate state and
thus their influence in DSC experiments is somewhat more
noticeable. The thermodynamic parameters in Table 1 have
been calculated from the fitting sessions using n ¼ 3, where
the error intervals have been estimated by comparing the
parameters obtained at both n ¼ 3 and n ¼ 4 values. These
errors are slightly higher and possibly more realistic values
than fitting standard errors.
The dependence on concentration of DSC traces has been
studied extensively in the past by different research groups,
including ours (14,15). These studies have shown clearly that
the relative displacement of traces obtained under the same
solvent conditions can be exclusively attributed to protein
concentration differences and, thus, the global stoichiometry
of the association-dissociation process can be precisely
obtained from the evaluation of such displacement through
global fitting analysis of the whole set of traces (as we
have done in this study), as long as the protein concentrations
have been correctly measured for the set of experiments.
We obtained additional evidence of these association
phenomena from DLS and SEC experimental approaches
(Fig. S1). As well as the DSC evidence, the DLS experi-
ments carried out at low protein concentration (0.4 mg 
mL1) do not show any significant population of aggregated
species at any time of incubation at 60C, which is further
supported by the absence of any fluorescence enhancement
of solutions incubated with ANS or ThT (data not shown).
The hypothetic trimeric nature of the oligomeric species is
shared by other examples (8,17) and can be structurally
understood here from a computational analysis of PDZ3
sequence propensity to b-aggregation. The calculations
using the Tango algorithm developed by Fernandez-Esca-
milla et al. (18) show that propensities are negligible overe PSD95-PDZ3 domain in 50 mM K-phosphate pH 7.5 obtained
TU-In (
C) DHU-In(TU-In) (kJ  mol1) DGU-In(343) (kJ  mol1)
79.25 1.2 1305 20 255 5
dynamic magnitudes for the U% In equilibrium were estimated for a Pref ¼
9.23 þ (0.095*T); CpU ¼ 2.91 þ (0.064*T); CpIn ¼ 99.0 þ (0.347*T)
FIGURE 3 Deconvolution analysis of the different equilibria for PSD95-
PDZ3 thermal unfolding. (A) Distribution of populations of the different
PDZ3 states for the two extreme protein concentrations assayed,
0.4 mg  mL1 (black) and 8 mg  mL1 (gray). An increase in In-state
population can be seen on protein concentration. (B) Dashed lines show
the respective thermal evolutions of the unfolding equilibrium (N % U)
and the solid lines the association-dissociation term (U % In). Symbols
are used for experimental DSC data as a function of protein concentration.
As can be seen, the latter equilibrium is symmetrical in shape because the
intermediate associates first (exothermic half) and dissociates afterward
(endothermic half) to complete unfolding.
Supramacromolecular Structures in PDZ3 267the whole domain with the exception of residues ranging
from 340 to 350 (pertaining to the b3 and a1 motifs) and
for the 392–397 ones (located at b5 and a3 secondary
structures). The tridimensional arrangement of these residues
in the high-resolution x-ray structures, recently solved by us
(PDB codes: 3K82 and 3I4W (19)), shows two main inter-
faces roughly located at opposite faces of the globular struc-
ture, which may allow each monomer to interact with two
additional ones (Fig. S3). Thus, it is possible that the increase
in solvent exposure of these aggregation-prone regions
during unfolding may in PDZ3 monomers develop some
tendency to self-associate.
In any case, we cannot rule out the idea that the experi-
mentally observed oligomeric arrangement would result
from a mixture of dimers, trimers, tetramers, or other oligo-
mers, where the fraction of the lower-sized species decreases
concomitantly with a decrease in protein concentration,
which might be more probable from a mechanistic point of
view. In fact, the coexistence of different association stages
for these nucleation species has been reported for some other
amyloid-forming proteins (20). The existence of such addi-
tional equilibria might also constitute an alternative
explanation for the small DSC deviations observed in the
fitting sessions and may contribute to some extent to the
greater sharpness and asymmetry of the first endotherm
(Fig. 1). To investigate these issues, we conducted SEC
experiments at pH 7.5 and 60C with 8 mg  mL1 PDZ3
samples incubated for different periods of time (Fig. S1).
A broad peak appears, probably due to the presence of
a mixture of sizes, albeit the maximums observed correspond
to monomers, high aggregates (at the exclusion volume) and,
once again, roughly trimeric species.
To achieve a better understanding of the energetics of the
intermediate state we dissected the two DSC endotherms
(Fig. 1) into their respective heat contributions. To this
end, we developed the equations corresponding to the model
scheme described by Eq. 2 of the Supporting Material. This
alternative scheme, mathematically equivalent to the one in
Eq. 1 of the Supporting Material, allows us to obtain
separately the contributions corresponding to the unfolding
and association-dissociation processes, which may help to
understand the unfolding process phenomenologically.
Thus, the deconvolution analysis shown in Fig. 3 shows
that the evolution of heat during the unfolding process occurs
exclusively during the first endotherm (N % In), which
seems to be the result of the combination of two processes
of opposite signature: the positive contribution of the whole
heat of the protein unfolding process and the exothermic
component deriving from the association phenomena of the
intermediate state. Nevertheless, the second evolution can
be attributed merely to the heat released by the disruption
of interdomain interactions during the dissociation of In olig-
omers into monomeric molecules (Fig. 3 B), which does not
necessarily include any other heat contribution deriving from
the further unfolding of the intermediate. Consequently,these findings indicate that from an energetic point of view
the In-state may resemble a partly unfolded state in which
most of the tertiary cooperative interactions are relaxed,
rather than a highly structured, cooperative, nativelike
arrangement. The nonnative character of this partly folded
state is also revealed by its incapability of recognizing the
high-affinity PDZ3 ligand KKETAV, which in no way influ-
ences the history set out in Fig. 2.
Whatever the case, the high quality of the fittings (Fig. 1
and Fig. S2) cannot in itself be considered conclusive with
regard to the completely noncooperative character of the un-
folding of this intermediate and so we cannot definitely rule
out the existence of more-or-less well ordered regions in this
state. The oligomers may possibly maintain some local struc-
tural arrangements or perhaps contain new structural
elements not present in the native state, and therefore this
state may be considered as being partly folded even though
it is not fully homogeneous. The SEC experiments
(Fig. S1), for example, indicate that at 60C monomericBiophysical Journal 99(1) 263–272
268 Murciano-Calles et al.species of this intermediate state can be discerned, which
supports the idea that it displays some thermodynamic
stability by itself. The smallness of the structural arrange-
ments will lead to a relatively small and rather wide heat
effect.FIGURE 4 Growth kinetics of ThT and ANS fluorescence emission.
A 8 mg  mL1 PDZ3 sample was incubated in the presence of 12 mM
of ThT or 20 mM ANS at pH 7.5. (A) Temperature dependence of fluores-
cence emission from both dyes. (B) Time dependence of the fluorescence
signal versus incubation time at 60C is plotted.Spectroscopic and kinetic analysis of the early
conformational stages of the PDZ3 misfolding
pathway
We investigated the structural ordering of the intermediate
by far-UV CD spectroscopy. Fig. S4 includes the PDZ3
spectra at 25C and 70C, the two key temperatures for the
N-state and the In-state respectively (Fig. 3 A). The spectrum
at 70C shows a high secondary-structure content for the
associated states, which, according to the minimum observed
at 217 nm, would be mainly b-sheet structures. These b-
sheet organizations remained unaltered after several hours
at this temperature. The absence of Trp residues, together
with the low aromatic content within the hydrophobic core
of PDZ3, prevented any further CD research into tertiary
arrangements at the near-UV region.
Congo red and ThT dyes have been used traditionally as
histochemical stains for amyloids (21). Both gave positive
results when assayed with the mature amyloid fibrils of
PDZ3, the former leading to a blue shift in the UV-visible
spectrum (data not shown) and the latter to a noticeable
enhancement of fluorescence signal (Fig. S5). Assays with
the ANS fluorescent probe were also positive. This probe
has been reported to bind solvent-exposed hydrophobic
surfaces in proteins, producing an increase in fluorescence
signal together with a blue shift in the maximum wavelength
emission (Fig. S5), which indicate clearly the accumulation
of partially structured species with solvent-exposed nonpolar
surfaces.
To achieve some insight into the sequence of events that
develop during the formation of PDZ3 fibrils we carried
out a real-time continuous monitoring of the fluorescence
signal from ThT and ANS (Fig. 4). The 8 mg  mL1
PDZ3 sample was heated inside the fluorimeter to 60C
(Fig. 4 A) and, once at this temperature, the time-course of
the fluorescence signal was monitored during the first few
hours of the aggregation reaction at 60C (Fig. 4 B). Finally,
some fluorescence spectra were obtained after cooling the
sample down to room temperature (Fig. S5). Thus, these
time-course experiments paralleled the DLS ones described
previously. When the PDZ3 sample was heated to >50C
some fluorescence signal was obtained for both dyes
(Fig. 4 A). After setting the collection mode of the fluorim-
eter to time-dependent measurements at 60C we found
that at the very beginning both the ThT and ANS signals
rose rapidly, reaching a clear maximum after 100 min with
ThT and 400 min for ANS, and then decreasing. It might
be surmised that the main reason for this decrease was the
increase in light-scattering that parallels the greater viscosityBiophysical Journal 99(1) 263–272and turbidity of samples brought about by the insolubility of
the supramacromolecular structures organized within this
time (21–23). The protein samples became turbid and
viscous and when the solutions were cooled to room temper-
ature a hyper-chromic effect appeared as a consequence of
the disaggregation of the assemblies into more soluble and
lower molecular weight species (Fig. S5).
An interesting feature that emerges from Fig. 4 is the
absence of the typical sigmoidal shape of the ThT
and ANS curves obtained for the majority of examples
studied previously (20,22,24). DLS measurements indicate
that >50C the monomers increase in size, to become prac-
tically 100% oligomeric at 60C (Fig. S1). Accordingly, in
Fig. 4 A it can be seen that the fluorescence signal of both
probes begins to become temperature dependent at >50C,
which indicates clearly that the amyloid b-pleated structure
identified by ThT fluorescence and the hydrophobic surface
areas monitored by ANS fluorescence arose concurrently,
as has been reported elsewhere for other examples (25).
Thus, the formation of nuclei, held to be responsible for
Supramacromolecular Structures in PDZ3 269the lag-phase of S-shaped curves, was complete before the
sample’s reaching the starting temperature. This would
seem to indicate that under these experimental conditions
nucleation is not a rate-limiting step for PDZ3 amyloid
formation. Aggregation in these cases has been reported to
proceed via a downhill process that does not require a highly
organized or stable nucleus (20,26,27).DISCUSSION
The PSD95-PDZ3 domain represents a typical
medium-sized protein that unfolds
via a multistate scheme
The thermodynamic parameters set out in Table 1 show that
PDZ3 is a stable domain with an unfolding Gibbs energy of
40 kJ  mol1, which is comparable to the stability of other
proteins of a similar size, such as barnase (28). This value
does not compare well with the previous stability data ob-
tained for PTPBL-PDZ2 or for PDZ3 itself, which ranges
from 14 to 30 kJ  mol1 (2,12). It is worth bearing in
mind, however, that these previous results were obtained
from a two-state analysis of spectroscopic unfolding data.
The oligomeric equilibrium intermediate detected in our
experiments can be considered as a novel species not reported
previously in other PDZ folding studies. Thus, the folding
mechanism of several PDZ domains, including PSD95-
PDZ3 itself, has been studied by folding kinetics. It can be
described as having two transition states separated by
a high-energy obligatory (on-pathway) intermediate. Both
transition states are located at roughly the same positions along
the reaction coordinate, indicating a conserved folding mech-
anism for PDZ domains. Nevertheless, despite the obligatory
character of the intermediate, it never accumulates under equi-
librium (2,13,29). An interesting NMR study has also been
published on native-state hydrogen exchange using a longer
construct of PDZ3, which identifies an equilibrium interme-
diate after the rate-limiting folding step (12). The structural
ensemble of the intermediate closely resembles that of the
native PDZ3 fold, with the exception of the first residues of
the N-terminal tail, the third a-helix and a further b-hairpin
organized by the C-terminal residues. Nevertheless, the
PDZ3 sequence analyzed in our work, corresponding to resi-
dues 302–402 of the PSD95 protein, does not contain the b-
hairpin sequence deriving from the cloning vector used in
thework of Feng et al. and in other previous structural analyses
(12). In any case, the additional evidence about the low coop-
erative folding character, the essentially b-sheet content and
the oligomeric nature of the intermediate detected by DSC
using the short PDZ3 construct makes this equilibrium inter-
mediate substantially different from the one with the longer
PDZ3 sequence, which is essentially nativelike (12).
We can only find one previous example in the DSC liter-
ature of a protein of a similar size to PDZ3 that also displays
a monomeric a-b topology and has been studied according tothe same equilibrium model, and that is the 14 kDa protein
CheY (30). CheY and PDZ3 intermediates, as detected by
DSC, share some common features, such as their tendency
to associate themselves and their low unfolding cooperativ-
ity. Nevertheless, the organization of supramacromolecular
structures in CheY has not yet been described. In any case,
both PDZ3 and CheY firmly support the idea that medium-
sized monomeric proteins (>~10 kDa) usually unfold in
a more complex way than smaller ones and present at least
one equilibrium intermediate.Thermodynamic and conformational aspects
of ﬁbril organization on PSD95-PDZ3 unfolding
The formation of fibrils in PDZ domains has been reported
very recently in the PTPBL-PDZ2 domain, as a result of
a combination of mechanical stirring and high-ionic-strength
solvents under native conditions at neutral pH. The combina-
tion of both forces, mechanical and electrostatic, leads to the
appearance of amyloid fibrils in <24 h (6). Nevertheless,
despite the native conditions of the solution, the fibrils
show the typical CD and infrared spectra of pure b-sheet
structures, as in the case of the PDZ3 unfolding intermediate.
Our studies with PDZ3 show some interesting features
concerning the physical-chemical nature of processes
involved in fibril organization. First, seeding may well occur
through a b-sheet oligomeric nucleus, which suggests
strongly a stepwise model for the organization of such large
structures, as has been reported elsewhere for other examples
(22,31,32). This nucleation phase is completed before
temperature equilibration of PDZ3 samples, which results
in a noncooperative (nonsigmoid) behavior of fibril growth
(Fig. 4), in which the ensemble of critical oligomers adds
to the different supramacromolecular assemblies in a down-
hill process (26,27,31). Second, the fibrils disaggregate after
1:1 dilution of the sample with a buffer solution at pH 7.5
and cooling to room temperature, and reform on heating
again to 60C. This evidence points to the reversible nature
of processes involved in fibril formation despite their long
relaxation times because they can disintegrate and rejoin
spontaneously in a reversible manner. There are only a couple
of other amyloid-forming proteins in which this phenom-
enon has been described: acylphosphatase (16) and apolipo-
protein C-II (33). Therefore, PDZ3 fibrils offer an interesting
and rare opportunity to study the disaggregation of these
structural ensembles, which may help in the detection of
new key species to explain the molecular nature of fibril
formation and in the further development of treatments for
diseases associated with protein aggregation.
From an energetic point of view, our work has also
provided an unusual example of the thermodynamics of fibril
formation. We have observed that the growth of oligomers
does not seem to be accompanied by any conformational
change in the intermediate state because the last DSC transi-
tion does not include any appreciable heat effects other thanBiophysical Journal 99(1) 263–272
270 Murciano-Calles et al.that caused by the disaggregation of oligomers (Fig. 3 B).
Accordingly, the far-UV CD spectra acquired as a function
of time at 70C do not show any apparent changes in shape
(Fig. S4). A similar feature has been found in the previous
calorimetric characterization of amyloid fibril formation in
b2-microglobulin (23) and in SH3 domains (24), which
also display other similarities with PDZ3 that are worth
mentioning. Thus, the enthalpy change of the dissociation
of PDZ3 oligomers (130 5 20 kJ  mol1) coincides
fairly closely with that corresponding to b2-microglobulin
(125 kJ/mol1) and SH3 (100 kJ  mol1) fibrils. These
values are also in the range of those found for the dissocia-
tion of dimeric-equilibrium intermediates in CheY protein
(30), which shares a common DSC-thermal unfolding
behavior with PDZ3, as has been explained above. The quite
small specific enthalpy value estimated for PDZ3 (11.8 J 
g1) as well as for the other three examples indicates a rela-
tively low density of side-chain packing interactions inside
the fibrils. Whatever the case, all these enthalpic similarities
argue in favor of entropic factors as being the driving force
and point toward a similar energetic pathway for the organi-
zation of b-sheet stacking, as has also been suggested by the
kinetic experiments (23,24).
In addition, the Gibbs energy at 70C (the temperature at
which these associated species populate according to Fig. 3)
was 255 5 kJ  mol1, whereas it was almost negligible at
25C, where the stability of the native state has been esti-
mated to be 40 5 6 kJ  mol1. The greater stability of
the native state than that of amyloid fibrils in PDZ3 may
explain the reversibility observed between them because
the native state is much preferred to the associated structures
at room temperature. Accordingly, the contrary effect has
been reported for the irreversible fibrils in b2-microglobulin,
where a higher stability value has been found for the fibrillar
assemblies than for the N-state at any temperature (23). The
stability of PDZ3 assemblies is clearly lower than that corre-
sponding to b2-microglobulin ones (44 kJ  mol1), which
may indicate possible structural differences between them of
entropic origin.The PDZ3 unfolding scheme as a paradigm
for the biophysical study of interconversion
between supramacromolecular assemblies
The capacity to form amyloid fibrils is regarded today as
a general property of all polypeptide chains. Less evidence
exists concerning the formation of annular and spherical
arrangements, but some recent and interesting work carried
out by Quist et al. (8) has also shown that a set of unrelated
amyloidogenic proteins and peptides display quite similar
annular formations when assayed in the presence of recon-
structed membranes, and are also able to act as ion trans-
porters through them, i.e., as ion channels. This evidence
also points clearly to a parallel ubiquitous nature for the
formation of these species. The diameter of the channelsBiophysical Journal 99(1) 263–272ranges from 8 to 12 nm, similar to those reported here for
the PDZ3 rodlike species of 12 nm (Fig. S1). A comparison
of the different PDZ3 particulates also shows a relative
homogeneity in their size (Fig. 2), which suggests that the
organization of these arrangements is well-defined (8).
Correspondingly, spherical aggregates ranging from 5 nm
to 200 mm have been described, also pointing to their being
a general property of polypeptide chains (34) and behaving
as pore-forming species in lipid environments (35).
The relationship between annular/spherical species and
amyloid fibrils has not been clearly determined. The question
of whether there is a common pathway for the organization
of these supramacromolecular structures or whether they
are products of alternative misfolding pathways has remained
unresolved until now, given the limitations of experimental
systems (10). The majority of examples described shows
a clear tendency to associate themselves in solution into
small oligomeric species (generally from dimers to hexam-
ers), although they can lead to disklike assemblies only in
the presence of membranes (8). Alternatively, spheres
usually organize under conditions close to the isoelectric
point of the protein (34) and/or by adding organic solvents
(35).
Interestingly, the PDZ3 globular arrangements can orga-
nize themselves in a membrane-free context, coexisting
with the fibrils in the same buffered solution at neutral pH,
lacking cosolvents or organic reagents. This rare phenom-
enon, together with the persistence of these globular assem-
blies in solution for at least 2 weeks, supports the view that
they may be on-pathway, as has been proposed for human
serum albumin (27), Sup35 (36), and Ure2p (32) proteins.
In fact, as the TEM images show (Fig. 2), the fibrils grow
at the expense of the globular arrangements, which disappear
from the solution during the last stages of the incubation
experiments. On the other hand, the concurrence of protofi-
brils during the early phases of the experiments, together
with the fact that we could detect no globular assemblies
in the 8 mg  mL1 PDZ3 samples incubated at 37C,
only protofibrils and a few thin fibrils, does not allow us to
arrive at any definitive conclusions about these matters (the
TEM images obtained after 1 month incubation at 37C
were identical to those shown in Fig. 2 B).
The time experiments followed by DLS and ThT/ANS
fluorescence provide additional information about these
mechanistic matters because the absence of a nucleation
phase (lag-phase) >50C and the coincidence of the begin-
nings of the time-courses monitored by the different probes
implies that a certain quantity of oligomeric ensembles
displaying hydrophobic patches and b-sheet amyloidlike
structures form concurrently after a common nucleation
event. Something similar has been observed in the a-synu-
clein amyloidogenic protein. Consequently, we can also
conclude that, if separate pathways exist (off-pathway mech-
anism), the branchpoint must be located after nucleation, i.e.,
after the In species in the PDZ3 folding scheme (37).
Supramacromolecular Structures in PDZ3 271In summary, the experimental information can be summa-
rized in the following scheme, intended to explain the un-
folding behavior of the PSD95-PDZ3 domain in 50 mM
K-phosphate at pH 7.5:
N%In%U
Y[
GLOBULAR ASSEMBLIES AND PROTOFIBRILS
Y[
FIBRILLAR ASSEMBLIES
(Scheme 2)
where the double arrows indicate the reversible nature of the
different processes and not necessarily any true equilibrium
situation, at least for the ones pertaining to the misfolding
pathway. This folding behavior displayed by PDZ3 opens
the possibility of entering more deeply into structural studies
with the different supramacromolecular assemblies. CD
experiments, together with ThT and ANS fluorescence emis-
sion, show that these structures have a high b-sheet content
organized into amyloidlike structures that also expose a rela-
tively high amount of hydrophobic surface to the solvent. In
addition, the In-state cannot be considered as nativelike
because it appears after a highly cooperative unfolding
process from the native state, as shown by DSC, and neither
is it able to recognize the high-affinity peptide KKETAV
because its presence in the PDZ3-incubated solutions does
not alter the temporal sequence of events given in Fig. 2.
Nevertheless, some other questions remain to be solved.
It remains unclear, for example, how such oligomers can
manage to organize themselves into defined ion-channel-
like structures (10). Recent molecular dynamics simulations
(38) have shown that in a membrane-free context double-
layered annular structures exhibit high structural stability
due to strong hydrophobic interactions and geometrical
constraints induced by the closed-ring shape. These studies
also reveal that annular structures can be postulated as an
intermediate step in the aggregation pathway, leading to
fibrils at later stages, which completely agrees with our
PDZ3 experimental results. The quaternary structures
contain two layers of b-sheet molecules stacked either
parallel or antiparallel to the fibril axis, giving rise to disklike
arrangements of 8–12 nm in diameter, with inner cavity
pores of around 2 nm, which agrees with previous evidence
(8) and our own experimental results.
The most recent studies indicate that fibrils could simply
be a storage mechanism and that these smaller globular
arrangements are sufficient to induce cell degradation by al-
lowing ion exchange across the plasma membrane and thus
disrupting homeostasis. This phenomenon has given rise to
promising strategies for the treatment of amyloid-derived
diseases by the selective blocking of such ion channels (8–
10). Therefore, the unfolding framework of PDZ3 described
by Scheme 2 is extremely informative when it comes to ob-
taining experimental insight into the still poorly understood
mechanism of amyloid formation and its resultant toxicity.The reversible coalescence under roughly physiological
conditions of different kinds of well arranged supramacro-
molecular organizations during PDZ3 unfolding, together
with the membrane-free organization of spherical/annular
particulates, makes this protein system especially interesting
for further studies into aggregation processes coupled to
folding.SUPPORTING MATERIAL
Methods and five figures are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(10)00434-0.
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